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Rho family GTPases are ideal candidates to regulate aspects of cytoskeletal dynamics downstream of axon guidance
receptors. To examine the in vivo role of Rho GTPases in midline guidance, dominant negative (dn) and constitutively
active (ct) forms of Rho, Drac1, and Dcdc42 are expressed in the Drosophila CNS. When expressed alone, only ctDrac and
ctDcdc42 cause axons in the pCC/MP2 pathway to cross the midline inappropriately. Heterozygous loss of Roundabout
enhances the ctDrac phenotype and causes errors in embryos expressing dnRho or ctRho. Homozygous loss of Son-of-
Sevenless (Sos) also enhances the ctDrac phenotype and causes errors in embryos expressing either dnRho or dnDrac. CtRho
suppresses the midline crossing errors caused by loss of Sos. CtDrac and ctDcdc42 phenotypes are suppressed by
heterozygous loss of Profilin, but strongly enhanced by coexpression of constitutively active myosin light chain kinase
(ctMLCK), which increases myosin II activity. Expression of ctMLCK also causes errors in embryos expressing either dnRho
or ctRho. Our data confirm that Rho family GTPases are required for regulation of actin polymerization and/or myosin
activity and that this is critical for the response of growth cones to midline repulsive signals. Midline repulsion appears to
require down-regulation of Drac1 and Dcdc42 and activation of Rho. © 2002 Elsevier Science (USA)
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During axon pathway formation, receptors on the mem-
brane of the growth cone recognize guidance cues in the
extracellular environment and activate intracellular signal-
ing pathways to regulate growth cone motility (Tessier-
Lavigne and Goodman, 1996; Gallo and Letourneau, 1999).
The motility of the growth cone is dependent on three
processes. First, actin polymerization at the leading edge
allows the growth cone to explore the extracellular envi-
ronment and encounter attractive and repulsive guidance
cues. Second, the actin cytoskeleton of the growth cone is
coupled to the substrate through protein complexes at
membrane receptors. Finally, myosin motors exert force on
the anchored actin filaments to pull the growth cone
forward; this force also retracts any filopodia that are not
coupled to the substrate (Jay, 2000; Suter and Forscher,
2000). During axon pathway formation, attractive guidance
cues are expected to promote actin polymerization, adhe-
sion, and myosin activity, while repulsive axon guidance
cues inhibit these processes (Murray and Whitington, 1999;
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46Fournier et al., 2000; Suter and Forscher, 2000). Therefore,
axon guidance receptors must activate intracellular signal-
ing pathways that control actin dynamics, adhesion, and/or
myosin force generation. The Rho family of monomeric
GTPases, particularly Rho, Rac, and Cdc42, are ideal can-
didates to regulate cytoskeletal dynamics in response to
axon guidance cues.
Rho GTPases are molecular switches activated down-
stream of membrane receptors. Found in the cytoplasm in
the inactive GDP-bound state, these GTPases are recruited
to membrane receptors and activated by guanine nucleotide
exchange factors (GEFs) that exchange GDP for GTP.
GTPase activating proteins (GAPs) increase the intrinsic
GTPase activity to inactivate Rho GTPases (Appenstrom,
1999; Kjoller and Hall, 1999; Hall and Nobes, 2000). In
mammals, Rho family GTPases are activated downstream
of attractive and repulsive guidance receptors, including the
Netrin receptor Deleted in Colorectal Cancer (DCC), ephrin
receptors, plexins, and Roundabout (Robo) (Wahl et al.,
2000; Driessens et al., 2001; Wong et al., 2001, Shekarabi
and Kennedy, 2002), and cell adhesion molecules such as
cadherin and integrins, which are known to affect axon
guidance (Braga et al., 1997; Clark et al., 1998; Price et al.,To whom correspondence should be addressed. Fax: (313) 577-
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GTP-bound GTPases regulate adhesion, actin polymeriza-
tion, and myosin activity through a number of downstream
effectors (Amano et al., 1996; Kimura et al., 1996, 1998;
Tapon and Hall, 1997; Sanders et al., 1999; Bagrodia and
Cerione, 1999; Kuhn et al., 2000).
Constitutively active and dominantly negative forms of
the Rho GTPases have helped elucidate how GTPases
regulate cytoskeletal dynamics in various systems. Expres-
sion of active Cdc42, Rac1, or RhoA in fibroblasts causes
formation of filopodia, lamella, or stress fibers, respectively
(Nobes and Hall, 1995). Expression of the mutant GTPase
proteins in neuron-like cells and primary cultures indicate
that activation of Rac1 and/or Cdc42 increases axon out-
growth, while RhoA leads to growth cone collapse or
retraction (Luo, 2000). However, Rac1 activity is required
for growth cone collapse in some cases (Jin and Strittmatter,
1997). Constitutively active and dominantly negative forms
of Drosophila Rac1 (Drac1) and Cdc42 (Dcdc42) have been
expressed in vivo by using the UAS-Gal4 system. These
experiments lead to the conclusion that Dcdc42 and Rac1
are required for regulating axon outgrowth and may play an
additional role in axon branching and guidance in various
axons, including those of peripheral sensory and motor
neurons, the mushroom bodies, and the giant fiber (Luo et
al., 1994; Kaufmann et al., 1998; Allen et al., 2000; Kim et
al., 2002a; Ng et al., 2002). The effects of constitutively
active and dominantly negative Rho on axon outgrowth and
pathfinding are unknown, but loss of Rho in mushroom
body neurons indicates that Rho is not required for normal
axon projections (Lee et al., 2000).
Since several repulsive axon guidance receptors are
known to regulate GTPase activity in cell culture systems
(Wahl et al., 2000; Driessens et al., 2001; Wong et al., 2001),
we performed a systematic genetic analysis of constitu-
tively active (ct) and dominantly negative (dn) Rho, Drac1,
Dcdc42 to clarify the involvement of Rho GTPases in
repulsive axon guidance at the midline of the Drosophila
embryonic CNS. Specifically, we examined the formation
of the pCC/MP2 pathway, which is very sensitive to per-
turbations in axon guidance mechanisms and often crosses
the midline inappropriately when repulsive axon guidance
signals are disrupted (VanBerkum and Goodman, 1995;
Kidd et al., 1998; Fritz and VanBerkum, 2000; Kim et al.,
2002b). Some of the mechanisms guiding the formation of
this pathway are known. Midline cells express chemoat-
tractive Netrins that are recognized by Frazzled receptors
on the growth cone and cause axons to grow toward the
midline, but the axons are prevented from crossing by the
midline repellent Slit, the ligand for the Roundabout (Robo)
receptor expressed on most axons (Harris et al., 1996;
Kolodziej et al., 1996; Kidd et al., 1998, 1999; Brose et al.,
1999; Li et al., 1999).
The members of the intracellular signaling pathways
preventing pCC/MP2 pathway axons from crossing the
midline are also being elucidated, and most of these con-
verge to regulate aspects of actin and myosin dynamics.
Both Calmodulin (CaM) and Son-of-sevenless (Sos), a GEF
able to activate Rac, are involved in transducing repulsive
signals at the midline (Nimnual et al., 1998; Fritz and
VanBerkum, 2000). In addition, myosin activity, which is
controlled by some Rho GTPase effectors (Sanders et al.,
1999; Bagrodia and Cerione, 1999; Amano et al., 1996;
Kimura et al., 1996), must be regulated during axon path-
finding. Activation of myosin by expression of constitu-
tively active MLCK (ctMLCK) allows pCC/MP2 axons to
ignore repulsive signals and cross the midline inappropri-
ately (Kim et al., 2002b). However, reducing actin polymer-
ization by mutations in chickadee, the Drosophila gene for
Profilin, suppresses the midline crossing errors caused by
reduction of either Robo or CaM (Kim et al., 2001). This
indicates that regulation of actin polymerization is required
in pCC/MP2 neurons for proper response to midline guid-
ance cues. Rho GTPases regulate actin polymerization
through several effectors, including phosphatidylinositol-4-
phosphate 5-kinase (PI4P5K), which leads to activation of
Profilin, and WASP, which stimulates actin polymerization
and is enhanced by Profilin (Dickson, 2001; Yang et al.,
2000).
The sensitivity of pCC/MP2 axons to deficiencies in
repulsive signaling makes their ability to remain on the
correct side of the midline an ideal assay for a systematic in
vivo investigation of the role of Rho family GTPases in
midline guidance. UAS-ct and dnGTPase transgenes are
expressed primarily in pCC/MP2 pathway axons by Gal4
under control of the neurogenic element of the fushi tarazu
gene (ftzng-Gal4). When expressed alone, only ctDrac
and ctDcdc42 cause midline crossing errors. Combining
GTPase expression with mutations in other midline guid-
ance molecules uncovers a role for all three GTPases during
repulsion of axons from the midline. Specifically, our data
indicate that midline repulsion requires a decrease in Drac1
and Dcdc42 activity and an increase in Rho activity. Evi-
dence is also provided suggesting that these GTPases affect
midline guidance through signaling pathways regulating
actin polymerization and/or myosin activity.
MATERIALS AND METHODS
Stocks. Stocks were raised on conventional cornmeal and
molasses-based media at room temperature or 25°C. Dominant
negative (dn) and constitutively active (ct) forms of Rho, Drac1
(Drosophila Rac1), and Dcdc42 (Drosophila Cdc42) under control
of the UAS activating sequence were obtained from the following
sources: dnRas (RasN17) and ctRas (Ras64BV14), Bloomington Stock
Center; dnDrac (DracN17), ctDrac (DracV12), dnDcdc42 (Dcdc42N17),
and ctDcdc42 (Dcdc42V12), L. Luo (Luo et al., 1994); dnRho (RhoN19),
M. Mlodzik (Strutt et al., 1997); ctRho (RhoV14), U. Gaul, (Ranga-
rajan et al., 1999). These GTPases were expressed in the Drosophila
CNS by using a ftzng–Gal4 driver on chromosome III or an elav-
Gal4 driver on chromosome II (provided by C. Goodman, Univer-
sity of California, Berkeley). Conventional breeding strategies
and/or recombination experiments were used to combine gene
mutations and Gal4 drivers or UAS transgenes in the same fly. To
identify the genotypes of stained embryos, -galactosidase (-gal)
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FIG. 1. Misexpression of Rho GTPases causes midline crossing errors. Stage 16 embryos expressing dn or ctGTPase proteins are stained
with anti-Fas II to visualize midline crossing errors. (A–F) When mutant GTPases are expressed primarily in the pCC/MP2 pathway (arrows)
using the ftzng-Gal4 driver, embryos expressing dnGTPases (A–C) or ctRho (D) appear identical to wild type, with three longitudinal
fascicles on either side of the membrane and no Fas II-positive axons crossing the midline. Expression of ctDrac1 (E) or ctDcdc42 (F) causes
midline crossing errors seen as Fas II-positive axon bundles crossing the midline (arrowheads). (G–I) Postmitotic, pan-neural expression of
ctGTPases using the elav-Gal4 driver causes severe defects in axon scaffold formation with large bundles of axons crossing the midline
(arrowheads) and gaps appearing in the longitudinal connectives (stars).
marked balancer chromosomes were present in final stocks (see
below).
Histology. Eggs were collected overnight at 25°C on apple juice
plates smeared with yeast paste. Embryos were processed for
immunocytochemistry by using standard methods (see VanBer-
kum and Goodman, 1995). MAb 1D4 against Fasciclin II and
antibodies against Even skipped, Engrailed, and Wrapper were used
at a 1:5 dilution. Axons pathways were visualized by using HRP-
linked secondary antibodies with 3,3-diaminobenzidine (DAB) as a
substrate. Genotypes of embryos were established by using an X-gal
(5-bromo-4-chloro-3-indolyl -D-galactopyranoside) reaction for de-
tection of -gal expression (0.05% X-gal for 3–16 h at room
temperature). The pattern of -gal enzyme activity was dictated by
the presence of either an elav--gal mini-gene on CyO (designated
CyOe), which expresses -gal in all neurons, or an actin--gal
minigene on TM3 (designated TM3A), which expresses -gal in
muscle tissue. The X-gal staining pattern indicates which balancer
chromosome(s) is present in the embryo and therefore the genotype
of the embryo. Abnormal midline guidance defects were scored in
embryos lacking balancer chromosomes as Fasciclin II-positive
axon bundles crossing the midline in stage 16 or 17 embryos (Fritz
and VanBerkum, 2000; Kim et al., 2001).
FIG. 2. Rho GTPases modify the crossover phenotype of robo heterozygous mutants. Dn and ctGTPases are expressed in embryos with
a heterozygous loss of Robo. In heterozygous robo mutants (A), occasional Fas II-positive axon bundles cross the midline. The robo1/
phenotype is enhanced by expression dnRho (B), ct Rho (E), or ctDrac1 (F) but suppressed by dnDcdc42 (D). Expression of dnDrac1 (C) does
not affect the robo1/ phenotype. Interestingly, reducing Robo in embryos expressing ctDcdc42 (G) decreases the number of embryos with
midline crossing errors, but increases the average number of errors per affected embryos.
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RESULTS
In wild type stage 16 Drosophila embryos stained with
anti-Fasciclin II (MAb 1D4), three longitudinal fascicles are
seen running the length of the nerve cord, but there is no
staining of any axon bundles crossing the midline, even
though most axons cross the midline to form the commis-
sures (Fig. 1A). The most medial fascicle, the pCC/MP2
pathways, is particularly sensitive to perturbations in axon
guidance mechanisms as it is seen crossing the midline
whenever repulsive signaling is attenuated by reductions in
the repulsive ligand, Slit, its receptor, Robo, or the repulsive
signal transduction molecules CaM and Sos (Kidd et al.,
1998, 1999; Brose et al., 1999; VanBerkum and Goodman,
1995; Fritz and VanBerkum, 2000). This sensitivity makes
midline crossing of pCC/MP2 pathway axons an excellent
assay for the role of Rho family GTPases in repulsive axon
guidance at the midline.
Expression of ctDrac or ctDcdc42 Causes Midline
Crossing Errors
Constitutively active (ct) and dominantly negative (dn)
forms of the Rho family GTPases Rho, Drac1, and Dcdc42
were expressed primarily in pCC/MP2 pathway neurons by
using a ftzng-Gal4 driver (Lin et al., 1994). Expression of
ctDrac or ctDcdc42 caused pCC/MP2 pathway axons to
cross the midline inappropriately in 77 and 88% of embryos
with the average number of crossovers per affected embryo
(the expressivity) being 2.4 and 3.6, respectively (Table 1,
A; Figs. 1E and 1F). Expression of ctRho or any of the
dnGTPases caused no midline crossing errors (Table 1, A;
Figs. 1A–1D).
To confirm that the UAS-GTPase transgenes are func-
tional despite the lack of phenotype seen when they are
expressed using the ftzng-Gal4, we drove GTPase expression
postmitotically in all CNS cells using the elav-Gal4 driver.
Pan-neural expression of the GTPase transgenes is lethal.
No adult flies containing both a GTPase transgene and the
elav-Gal4 driver eclose, except in the case of dnDcdc42,
where only half of the expected number of adults eclose.
Lethality confirms that the UAS-GTPase transgenes are
being expressed.
In the embryonic CNS, expression of ctRho, ctDrac, or
ctDcdc42 by elav-Gal4 caused severe defects in axon scaf-
fold formation in all embryos (n  24, 28, 45, respectively;
Figs. 1G–1I). Pan-neural expression of dnRho resulted in
midline crossing errors in nearly half (49%) of the embryos
examined (n  43, expressivity  1.3), but no errors were
caused by expression of dnDrac (n  45) or dnDcdc42 (n 
51). Since expression of dnDrac and dnDcdc42 is at least
partially lethal, we conclude that the mutant GTPase
proteins are being expressed and that the lethality is caused
by factors that are not revealed in formation of the pCC/
MP2 pathway. The phenotypes caused by expression of
ctRho, dnRho, ctDrac, or ctDcdc42 in the elav pattern
further confirm that these GTPases are being expressed and
that they must be regulated during ventral cord develop-
ment. However, when the mutant GTPase proteins are
expressed in all CNS cells, it is difficult to determine which
TABLE 1
Quantification of GTPase Expression Phenotypes
Genotype na P (%)b Ec Effectd
A. GTPases alone
ftzngGal4/ftzngGal4 71 4.2 1.0
dnRho/ftzngGal4 40 2.5 1.0
ctRho/; ftzngGal4/ 30 0.0 0.0
dnDrac/ftzngGal4 30 0.0 0.0
ctDrac/ftzngGal4 52 76.9 2.4
dnDcdc42/; ftzngGal4/ 45 0.0 0.0
ctDcdc42/ftzngGal4 34 88.2 3.6
B. GTPases  robo
robo1/; ftzngGal4/ 65 24.6 1.1
robo1/; dnRho/ftzngGal4 26 88.5 3.1 111
ctRho/robo1; ftzngGal4/ 46 47.8 2.0 11
robo1/; dnDrac/ftzngGal4 23 30.4 1.1
robo1/; ctDrac/ftzngGal4 38 100.0 6.5 111
dnDcdc42/robo1; ftzngGal4/ 62 17.7 1.2 2
robo1/; ctDcdc42/ ftzngGal4 62 45.2 4.4
C. GTPases  Sos
Sose49/Sose49 43 39.0 2.1
Sose49/Sose49; dnRho/ftzng Gal4 48 93.8 7.0 111
ctRho Sose49/Sose49; ftzngGal4/ 62 1.6 1.0 222
Sose49/Sose49; dnDrac/ftzngGal4 34 91.2 8.0 111
Sose49/Sose49; ctDrac/ftzngGal4 31 100.0 12.9 111
dnDcdc42 Sose49/Sose49; ftzngGal4/ 49 44.9 1.9
Sose49/Sose49; ctDcdc42/ftzngGal4 13 100.0 UOe 111
D. GTPases  ctMLCK
ctMLCK87.11/; ftzngGal4/ 61 8.2 1.4
ctMLCK87.11/; dnRho/ftzngGal4 74 28.4 1.3 11
ctRho/ctMLCK87.11; ftzngGal4/ 64 45.3 2.1 111
ctMLCK87.11/; dnDrac/ftzngGal4 75 4.0 1.0 2
ctMLCK87.11/; ctDrac/ftzngGal4 77 94.8 4.2 11
dnDcdc42/ctMLCK87.11; ftzngGal4/ 68 4.4 1.3 2
ctMLCK87.11/; ctDcdc42/ftzngGal4 60 96.7 7.8 11
E. GTPases  chic
chicsand/ 50 0.0 0.0
chicsand/; dnRho/ftzngGal4 59 3.4 1.0
ctRho/chicsand; ftzngGal4/ 63 1.6 1.0
chicsand/; dnDrac/ftzngGal4 57 0.0 0.0
chicsand/; ctDrac/ftzngGal4 75 57.3 1.5 22
dnDcdc42/chicsand; ftzngGal4/ 70 0.0 0.0
chicsand/; ctDcdc42/ftzngGal4 77 45.5 1.9 222
a n, number of embryos of the designated genotype that were
examined.
b P, penetrance; the percentage of the embryos examined that
exhibited at least one crossover error.
c E, expressivity; the average number of errors per affected embryo,
calculated as the total number of errors counted in all embryos divided by
the number of embryos exhibiting at least one crossover error.
d The number of arrows indicates the relative enhancement (1)
or suppression (2) of the crossover phenotype compared to the
baseline phenotypes.
e UC, uncountable; this phenotype is so severe that it is not
possible to count individual crossover errors.
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cells require GTPase regulation to prevent midline cross-
ing. Also, the severity of the phenotypes prevents identifi-
cation of genes which interact genetically with GTPase
expression to alter midline crossing decisions. Since the
goal of this investigation is to understand the role of Rho
family GTPases in the growth cone during midline guid-
ance, we restrict expression of the ct and dn GTPase
proteins to primarily pCC/MP2 pathway neurons using
ftzng-Gal4 driver.
GTPase-Induced Defects Are Not the Result of
Changes in Cell Differentiation
The well-known GTPase Ras plays a role in cell differen-
tiation and Ras activation may lead to activation of Rho
family GTPases, particularly Rac (Nimnual et al., 1998). To
examine the specificity of the Rho GTPase phenotypes, we
expressed ct and dnRas proteins in the CNS. Expression of
dnRas (n  47) or ctRas (n  11) in the ftzng pattern caused
no midline crossing errors. Even pan-neural expression of
the mutant Ras proteins using elav-Gal4 caused only mini-
mal defects; 2% of embryos expressing dnRas (n  49) and
7% of embryos expressing ctRas (n  43) exhibited a
midline crossing error. Expression of the mutant Ras pro-
teins was confirmed by the lethality of transgenes when
expressed pan-neurally and a small eye phenotype seen
when the transgenes are expressed using an eyeless-Gal4
driver (data not shown; Karim et al., 1996). Since elav-Gal4
driven expression of ct and dn Ras in postmitotic neurons
does not cause defects in axon guidance, we conclude that
the phenotypes caused by expression of the Rho GTPase
transgenes are probably not due to disruption of Ras-
dependent pathways.
To confirm that cell differentiation is not affected by
postmitotic expression of ct or dnGTPases in the ftzng
pattern, we examined the pattern of expression of the
neuronal markers Even-skipped and Engrailed in embryos
expressing each of the six mutant GTPase proteins driven
by ftzng-Gal4. No differences were detected between em-
bryos expressing mutant GTPases and wild type embryos
(data not shown). Therefore, it appears that the axon path-
finding defects in embryos expressing GTPase transgenes
are due to misregulation of GTPase activity in the growth
cones and not to changes in cell fates.
Rho GTPase Phenotypes Are Sensitive to Levels of
Midline Repulsion
In wild type embryos, axons of the pCC/MP2 pathway are
prevented from crossing the midline by the presence of the
repulsive molecule Slit at the midline and its receptor,
Robo, on the membrane of the growth cone (Kidd et al.,
1998, 1999; Brose et al., 1999). Reducing the level of
Robo-mediated repulsion causes pCC/MP2 pathway axons
to cross the midline. Heterozygous loss of Robo causes one
or two midline crossing errors in 25% of embryos, and this
phenotype is modified by expression of the GTPase (Table
1, B; Fig. 2). Expression of ctRho increases the penetrance of
crossovers in heterozygous robo mutants to 49%, but
dnRho expression enhances the phenotype even more
strongly with an average of 3.1 errors occurring in 89% of
embryos. Such a strong genetic interaction between Rho
and robo suggests that they may work together to prevent
midline crossing. The heterozygous loss of Robo also en-
hances the penetrance of the ctDrac phenotype from 77 to
100% with an average of 6.5 crossovers per embryo and
suppresses the penetrance of ctDcdc42 from 88 to 45%,
though the expressivity actually increases from 3.6 to 4.4
crossovers per embryo. Expression of dnDcdc42 resulted in
a slight suppression of the heterozygous robo phenotype,
but dnDrac had no apparent effect. These results suggest
that Rho family GTPases must be regulated in order to
allow axons to respond to the repulsive midline guidance
signals.
The Exchange Factor Sos May Regulate GTPase
Activity during Midline Guidance
If axon guidance receptors regulate the activity of Rho
family GTPases during axon guidance, they may do so
through either guanine nucleotide exchange factors (GEFs)
that activate GTPases or GTPase activating proteins (GAPs)
that deactivate GTPases. One signaling molecule linking
midline repulsive axon guidance to Rho GTPases is the GEF
Son-of-sevenless (Sos). Sos is required for transduction of
repulsive guidance signals and is known to activate Rac
(Fritz and VanBerkum, 2000; Nimnual et al., 1998). Het-
erozygous loss of Sos does not cause axon guidance defects
and has very little effect on midline crossing errors in
embryos expressing the mutant GTPase proteins (results
not shown). However, when homozygous, the loss-of-
function allele Sose49 causes midline crossing errors in 39%
of embryos, and this phenotype is modified by expression of
dn or ctGTPases (Table 1, C; Fig. 3).
One of the most striking interactions is seen with dn and
ct Rho. Expression of dnRho strongly enhances the Sose49
phenotype with an average of 7.0 midline crossovers seen in
94% of embryos, while expression of ctRho suppresses
midline crossing errors almost completely (Figs. 3B and 3E).
These data are consistent with Sos acting as a Rho GEF
during axon guidance at the midline. The interaction of
Drac1 with Sose49 is more complex since both dn and ctDrac
strongly enhance the Sose49 phenotype (Figs. 3C and 3F).
Expression of dnDrac causes an average of 6.5 crossovers in
94% of embryos, while ctDrac expression results in midline
crossing errors in almost every segment of each embryo.
The Sose49 phenotype is unaffected by dnDcdc42 (Fig. 3D),
but all embryos homozygous for Sose49 and ctDcdc42 ex-
hibit a phenotype too severe for individual crossovers to be
counted (Fig. 3G). These results make it difficult to deter-
mine whether Sos activates Drac1 or Dcdc42 in response to
midline guidance cues, but it is clear that reducing Sos
levels increases the ability of ctDrac and ctDcdc42 to cause
midline crossovers.
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Rho GTPases Interact with Mutations Affecting
Myosin and Actin Dynamics
Experiments in cell culture systems have made it evident
that the Rho GTPase-mediated pathways regulate actin
polymerization and myosin activation (Tapon and Hall,
1997; Kuhn et al., 2000; Sanders et al., 1999; Bagrodia and
Cerione, 1999; Amano et al., 1996; Kimura et al., 1996).
Both of these processes are known to be important in
negotiating the midline. Overactivating myosin activity by
pan-neurally expressing a constitutively active MLCK
(ctMLCK) causes many pCC/MP2 pathway axons to cross
the midline in almost every segment. More limited expres-
sion of ctMLCK using the ftzng-Gal4 driver causes a mild
crossover phenotype that is enhanced by mutations in robo
(Kim et al., 2002b). The response of pCC/MP2 pathway
axons to midline repulsion is also dependent on regulation
of actin polymerization. The midline crossing errors caused
by heterozygous loss of Robo are suppressed when actin
FIG. 3. Rho GTPases interact with mutations in Sos. Dn and ctGTPases are expressed in homozygous Sose49 mutant embryos. In Sose49
homozygotes (A), occasional axon bundles cross the midline inappropriately in almost 40% of embryos. The Sose49 mutant phenotype is
strongly enhanced by dnRho (B) and almost completely suppressed by ctRho (E). Sose49 also causes midline crossing errors in embryos
expressing dnDrac1 (C) and enhances those caused by expression of ctDrac1 (F). Although expression of dnDcdc42 (D) has little effect,
expression of ctDcdc42 (G) in Sose49 mutants the distance between the longitudinal connectives is decreased until the contralateral
pCC/MP2 pathways fuse at the midline (arrows).
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polymerization is reduced by mutations in Profilin (Kim et
al., 2001). This suggests that midline repulsive systems
decrease myosin activity and actin polymerization.
To determine whether Rho GTPases are involved in
regulation of myosin activity or actin dynamics during
repulsion from the midline, we combined expression of ct
or dnGTPases with ctMLCK expression or heterozygous
loss of Profilin (Table 1, D and E). When expressed alone by
the ftzng-Gal4 driver, ctMLCK causes overactivation of
myosin IIB resulting in one or two midline crossing errors
in 8% of embryos. This is enhanced by ctDrac and
ctDcdc42 to 95 and 97%, respectively, and slightly sup-
pressed by dnDrac and dnDcdc42 (Figs. 4C, 4D, 4F, and 4G).
The interaction between Rho and myosin activity is more
complicated since the ctMLCK phenotype is enhanced by
both dn and ctRho with errors occurring in 28 and 45% of
embryos, respectively (Figs. 4B and 4E). Embryos heterozy-
gous for chicsand, a loss-of-function allele of the Drosophila
gene encoding Profilin, have no midline guidance defects.
When dn or ct GTPases are expressed in heterozygous
chicsand mutant embryos, there is no effect on the pheno-
types of the dnGTPases or ctRho. However, reducing actin
FIG. 4. Expression of mutant GTPases modifies the axon guidance phenotype caused by increased myosin activity. Dn and ctGTPases are
coexpressed with ctMLCK in the ftzng pattern. Expression of ctMLCK increases myosin IIB activity in pCC/MP2 pathway neurons and
causes axon bundles to cross the midline inappropriately in a few embryos (A). This phenotype is enhanced by expression of either dnRho
(B) or ctRho (E). Expression of dnDrac1 (C) or dnDcdc42 (D) slightly suppressed ctMLCK-induced midline crossovers, while coexpression
of ctMLCK and either ctDrac1 (F) or dnDcdc42 (G) increases the number of midline crossing errors.
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polymerization suppressed midline crossing errors induced
by ctDrac from 77 to 57% of embryos and errors caused by
expression of ctDcdc42 are reduced from to 88 to 45% of
embryos (Figs. 5F and 5G). This confirms that actin and
myosin dynamics must be regulated during axon guidance
at the midline and suggests that this regulation may be
achieved by the Rho GTPases.
By systematic evaluation of Rho family GTPases alone
and in combination with mutations affecting midline guid-
ance and cytoskeletal dynamics, we confirm that regulation
of Rho GTPases is necessary for proper axon pathfinding.
Our data indicate that these GTPases are regulated down-
stream of midline repulsive signals to modify actin poly-
merization and myosin activity.
DISCUSSION
The sensitivity of the pCC/MP2 pathway to alterations in
cytoskeletal dynamics makes it ideal for evaluating the role
of Rho family GTPases in midline guidance. Constitutively
active (ct) and dominantly negative (dn) forms of Rho,
Drac1, and Dcdc42 were expressed in pCC/MP2 pathway
axons alone and in combination with mutations in mol-
ecules known to affect axon guidance at the midline. When
expressed alone, only ctDrac and ctDcdc42 cause midline
crossing errors. However, the mutant GTPases interact
genetically with mutations in robo, Sos, and chic and with
overexpression of ctMLCK. The interactions are surpris-
ingly specific. Midline crossing errors caused by expression
of ctDrac or ctDcdc42 are suppressed by heterozygous loss
of Profilin and enhanced by expression of ctMLCK. These
results indicate that Drac1 and Dcdc42 encourage axons to
cross the midline by regulating actin polymerization and/or
myosin activity. CtRho and dnRho interact strongly with
expression of ctMLCK or heterozygous loss of Robo, which
suggests that regulation of myosin activity by Rho is crucial
for midline repulsion. Our work demonstrates that Rho,
Drac1, and Dcdc42 are involved in dictating which axon
may cross the midline, presumably by aiding in the trans-
duction of attractive and/or repulsive cues operating at the
midline. By using mutations in signaling molecules known
to prevent pCC/MP2 axons from crossing the midline, our
analysis concentrates on how Rho, Drac1, and Dcdc42 may
regulate cytoskeletal dynamics in response to midline re-
pulsive cues.
The Rho family of GTPases was first studied in fibro-
blasts where activation of Cdc42, Rac, or Rho results in
production of filopodia, lamellapodia, and stress fibers,
respectively (Nobes and Hall, 1995). In wound-healing as-
says, Rac appears to control actin polymerization to provide
the protrusive force needed for movement, while Cdc42
determines cell polarity to localize Rac activity to the
leading edge of the cell. Rho seems to play a role in adhesion
and spreading during cell migration (Nobes and Hall, 1999).
These same processes are involved in growth cone motility,
which makes the Rho GTPases candidates for regulation of
cytoskeletal dynamics during axon guidance. Experiments
in neurons, both in vitro and in vivo, indicate that activa-
tion of Rac and/or Cdc42 increases axon outgrowth and this
is opposed by activation of Rho which leads to growth cone
collapse or retraction (Luo, 2000). This is consistent with
our findings that expression of ctDcdc42 or ctDrac allowed
axons to ignore repulsive signals at the midline and con-
tinue extending across the midline.
Rho family GTPases activate a number of effectors that
may affect axon outgrowth by regulating adhesion, myosin
force generation, and/or actin polymerization. The ctDrac-
and ctDcdc42-induced midline crossing errors are sup-
pressed by heterozygous loss of Profilin, an actin-binding
protein which stimulates actin polymerization. Since re-
ducing actin polymerization partially rescues the ctDrac
and ctDcdc42 phenotypes as well as errors caused by
heterozygous loss of Robo, it is likely that the midline
crossing errors are caused by excessive actin polymeriza-
tion. Increased actin polymerization may produce more
filopodia to explore the midline, which leads to midline
crossing (Murray and Whitington, 1999; Kim et al., 2001,
2002a). There are several pathways through which Drac1
and Dcdc42 might affect actin polymerization. The Cdc42/
Rac effector p21-activated kinase (PAK) activates LIM ki-
nase to phosphorylate cofilin, an actin-depolymerizing fac-
tor required for neurite outgrowth (Kuhn et al., 2000).
Cdc42 also activates actin polymerization through WASP,
which stimulates polymerization by binding to the Arp2/3
complex. The activation of WASP by Cdc42 is enhanced by
Profilin, which may explain why the suppression of the
ctDcdc42 phenotype is stronger than that of the ctDrac-
induced errors (Yang et al., 2000). However, actin polymer-
ization may not be the only process regulated by Rho family
GTPases to increase outgrowth.
The interactions between the Drac1 and Dcdc42 and
ctMLCK indicate that misregulation of myosin activity
may contribute to ctDrac- and ctDcdc42-induced axon
guidance errors. Coexpression of ctMLCK with ctDrac or
ctDcdc42 resulted in a strong enhancement of midline
crossing errors, while expression of dnDrac or dnDcdc42
suppressed the defects caused by increased myosin activity.
This suggests that Drac1 and/or Dcdc42 activate myosin
activity in the growth cone to increase outgrowth. One
mechanism may be through activation of PAK, which leads
to phosphorylation of myosin regulatory light chains (MLC)
to increase myosin activity (Chew et al., 1998; Sells et al.,
1999). However, it has been shown that PAK also phosphor-
ylates and inactivates MLCK, resulting in less myosin
activity. (Sanders et al., 1999). In vitro, PAK phosphorylates
MLCK at serine 439, which is present in ctMLCK, and
serine 991, which has been removed from ctMLCK, so the
impact of this pathway on our truncated ctMLCK protein is
uncertain (Goeckeler et al., 2000; Kim et al., 2002b). Alter-
natively, it is possible that the interaction of Drac1 or
Dcdc42 and ctMLCK is a secondary effect to increased actin
polymerization. If increased actin polymerization is causing
more filopodial exploration of the midline, increasing myo-
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sin activity through ctMLCK expression could cause axons
to cross the midline before they can retract filopodia en-
countering repulsive signals. Separating the relative contri-
butions of Drac1 and Dcdc42 to actin polymerization and
myosin activity will require more specific experiments
involving the effectors of Drac1 and Dcdc42.
Our data suggest that Drac1 and Dcdc42 activation must
be prevented or reduced for axons to respond to repulsive
signals at the midline. The midline crossing errors seen in
Drac1 mutants are strongly enhanced by a partial loss of
Robo, which suggests that midline repulsion requires a
down-regulation of Drac1 activity. Down-regulation of Rac
activity occurs in response to other repulsive signals, such
as Ephrin and Semaphorin (Wahl et al., 2000; Driessens et
al., 2001). A mechanism for this is suggested by experi-
ments showing that Plexin-B, the receptor for Semaphorin,
binds specifically to activated Rac, most likely to prevent it
from activating effectors (Driessens et al., 2001; Hu et al.,
2001). Experiments in cell culture systems have confirmed
that Robo-mediated signaling involves down-regulation of
Cdc42. Activation of Robo by Slit recruits srGAP1 to the
CC3 domain of Robo’s cytoplasmic tail, where it interacts
with and inactivates Cdc42 (Wong et al., 2001). Although
srGAP1 does not affect the activity of Rac, srGAP2 and
srGAP3 also bind to Robo, and one of these may regulate
Rac activity (Wong et al., 2001). Down-regulation of Cdc42
and Rac by Robo-dependent repulsive signals is consistent
with recent experiments showing that activation of DCC
by chemoattractive Netrins stimulates neurite outgrowth
and results in activation of Cdc42 and Rac1 (Li et al., 2002;
Shekarabi and Kennedy, 2002). Together, our data and the
literature lead to the hypothesis that Robo prevents axons
from crossing the midline by decreasing Drac and Dcdc42
activity so that actin polymerization and myosin force
generation are reduced.
Down-regulation of Dcdc42 and Drac1 by Robo may also
repel axons by preventing coupling of the actin cytoskel-
eton to the substrate. Rac is required for localization of
E-Cadherin to cell–cell contacts and recruiting actin to
Cadherin binding sites (Braga et al., 1997). Cdc42 and Rac
promote Cadherin-mediated adhesion by preventing IQ-
GAP, a CaM-binding Ras GAP, from interfering with the
interaction of -catenin with -catenin (Kuroda et al.,
1999). Integrin-mediated adhesion also involves signaling
through Rho family GTPases (Kjoller and Hall, 1999;
Arthur et al., 2000). By reducing actin and myosin dynamics
and decoupling the cytoskeleton from the substrate, down-
regulation of Drac and Dcdc42 by repulsive guidance recep-
tors would prevent axons from extending across the mid-
line.
The role of Rho in midline repulsion is more difficult to
determine since both dnRho and ctRho enhance the
midline crossing phenotype of heterozygous robo mu-
tants. This is consistent with our data in which both
dnRho and ctRho enhance the ctMLCK phenotype. Simi-
lar complexities are seen in the literature; expression of a
Rho GEF, which is expected to increase Rho activity,
leads to increased attraction to the midline, even though
activation of Rho usually leads to growth cone collapse or
retraction (Bashaw et al., 2001; Billuart et al., 2001; Luo,
2000). The complexity of the Rho interactions is under-
standable when the dual role of myosin activity during
axon guidance is considered. The most documented con-
nection between myosin activity and Rho is through the
effector Rho Kinase (RhoK). RhoK phosphorylates MLC
and also inactivates myosin phosphatase by phosphory-
lating its myosin binding subunit, leading to increased
phosphorylation of MLC and therefore increased myosin
activity (Amano et al., 1996; Kimura et al., 1996). Myosin
activation is needed both for the retrograde flow of actin
that retracts filopodia and for the force that propels the
growth cone forward (Jay, 2000; Suter and Forscher,
2000). Repulsive guidance signals are expected to in-
crease retrograde flow while preventing forward move-
ment. Expression of dnRho may specifically interfere
with retraction of filopodia in response to repulsive cues,
leading to increased midline crossing errors. A global
increase in myosin activity caused by expression of either
ctRho or ctMLCK, or even a Rho GEF, may cause axon
guidance errors by increasing the forward movement of
the growth cone (Bashaw et al., 2001; Kim et al., 2002b).
Midline attractive activity (e.g., Netrins) probably also
influences how much myosin activity is available to
move a growth cone over the midline (Kim et al., 2002b).
The literature and our experiments are most consistent
with a model in which Rho is activated by repulsive
guidance signals. Activation of ephrinA5 receptors causes
an increase in Rho activity resulting in a growth cone
collapse (Wahl et al., 2000). Plexin B, the receptor for
repulsive semaphorins, binds to and seems to activate Rho
(Driessens et al., 2001; Hu et al., 2001). Activation of Robo
by Slit recruits srGAP1, which appears to prevent it from
binding to and inactivating Rho (Wong et al., 2001). The
genetic interactions we see between Sose49 mutations and
expression of ctRho or dnRho are consistent with Sos acting
as a GEF for Rho in pCC/MP2 neurons. DnRho strongly
enhances the midline crossing errors caused by loss of Sos,
while ctRho almost completely suppresses them. Since
Sos-dependent signaling pathways are required for response
to midline repulsive cues, this is further evidence that Rho
is activated downstream of repulsive guidance signals,
although a role downstream of selected attractants cannot
be ruled out (Fritz and VanBerkum, 2000).
Clearly, regulation of Rho family GTPase activity is
necessary to prevent axons from crossing the midline inap-
propriately. Midline repulsive signaling involves regulation
of all three GTPases; Drac1 and Dcdc42 are likely down-
regulated, while Rho seems to be activated downstream of
repulsive signals. The Rho family GTPases influence actin
polymerization and/or myosin force generation to regulate
the processes of growth cone motility that are required for
proper response to axon guidance signals.
55Rho GTPases Are Required for Midline Repulsion
© 2002 Elsevier Science (USA). All rights reserved.
ACKNOWLEDGMENTS
We thank Drs. Liqun Lou, Marek Mlodzik, Ulrike Gaul, and
Corey Goodman as well as the Bloomington Stock Center for
providing fly stocks and antibody reagents. Antibodies against
Even-skipped and Engrailed were obtained from the Developmen-
tal Studies Hybridoma Bank at the University of Iowa under the
auspice of NICHD. J.F. was supported in part by a Wayne State
University Summer Dissertation Fellowship and work in the
laboratory is funded by the National Science Foundation
(#0091478).
REFERENCES
Allen, M. J., Shan, X., and Murphey, R. K. (2000). A role for
Drosophila Drac1 in neurite outgrowth and synaptogenesis in
the giant fiber system. Mol. Cell. Neurosci. 16, 754–765.
Amano, M., Ito, M., Kimura, K., Fukata, Y., Chihara, K., Nakano,
T., M., and Kaibuchi, K. (1996). Phosphorylation and activation
of Myosin by Rho and Rho-associated kinase (Rho-kinase).
J. Biol. Chem. 271, 20246–20249.
Appenstrom, P. (1999). Rho GTPases have multiple effects on the
actin cytoskeleton. Exp. Cell Res. 246, 20–25.
FIG. 5. Heterozygous reduction of Profilin suppresses ctGTPase-induced guidance errors. dn and ctGTPases are expressed in embryos
heterozygous for the chicsand mutation of the gene encoding Profilin. Heterozygous chicsand (A) does not cause axon bundles to cross
the midline inappropriately, nor does it cause midline crossing errors when dnRho, dnDrac1, dnDcdc42, or ctRho is expressed (B–E).
However, the reduction of Profilin in heterozygous chicsand mutants does suppress the crossover errors caused by expression of ctDrac1
(F) or ctDcdc42 (G).
56 Fritz and VanBerkum
© 2002 Elsevier Science (USA). All rights reserved.
Arthur, W. T., Petch, L. A., and Burridge, K. (2000). Integrin
engagement suppresses RhoA activity via a c-src-dependent
mechanism. Curr. Biol. 10, 719–722.
Bagrodia, S., and Cerione, R. A. (1999). PAK to the future. Trends
Cell Biol. 9, 350–355.
Bashaw, G. J., Hu, H., Nobes, C. D., and Goodman, C. S. (2001). A
novel Dbl family RhoGEF promotes Rho-dependent axon attrac-
tion to the central nervous system midline in Drosophila and
overcomes Robo repulsion. J. Cell Biol. 155, 1117–1122.
Billuart, P., Winter, C. G., Maresh, A., and Luo, L. (2001). Regulat-
ing axon branch stability: The role of p190 RhoGAP in repressing
a retraction signaling pathway. Cell 107, 195–207.
Braga, V. M. M., Machesky, L. M., Hall, A., and Hotchin, N. A.
(1997). The small GTPases Rho and Rac are required for the
establishment of cadherin-dependent cell-cell contacts. J. Cell
Biol. 137, 1421–1231.
Brose, K., Bland, K. S., Wang, K. H., Arnott, D., Henzel, W.,
Goodman, C. S., Tessier-Lavigne, M., and Kidd, T. (1999). Slit
proteins bind Robo receptors and have an evolutionarily con-
served role in repulsive axon guidance. Cell 96, 795–806.
Chew, T. L., Masaracchia, R. A., Goeckeler, Z. M., and Wysolmer-
ski, R. B. (1998). Phosphorylation of non-muscle myosin II
regulatory light chain by p21-activated kinase (gamma-PAK).
J. Muscle Res. Cell Motil. 19, 839–854.
Clark, E. A., King, W. G., Brugge, J. S., Symons, M., and Hynes,
R. O. (1998). Integrin-mediated signals regulated by members of
the Rho family GTPases. J. Cell Biol. 142, 573–386.
Dickson, B. J. (2001). Rho GTPases in growth cone guidance. Curr.
Opin. Neurobiol. 11, 103–110.
Driessens, M. H., Hu, H., Nobes, C. D., Self, A., Jordens, I.,
Goodman, C. S., and Hall, A. (2001). Plexin-B Semaphorin
receptors interact directly with active Rac and regulate the actin
cytoskeleton by activating Rho. Curr. Biol. 11, 339–344.
Fournier, A. E., Nakamura, F., Kawamoto, S., Goshima, Y., Kalb,
R. G., and Strittmatter, S. M. (2000). Semaphorin3A enhances
endocytosis at sites of receptor-F-actin colocalization during
growth cone collapse. J. Cell Biol. 149, 411–422.
Fritz, J. L., and VanBerkum, M. F. (2000). Calmodulin and Son of
sevenless dependent signaling pathways regulate midline cross-
ing of axons in the Drosophila CNS. Development 127, 1991–
2000.
Gallo, G., and Letourneau, P. C. (1999). Axon guidance: A balance
of signals sets axons on the right track. Curr. Biol. 9, R490–R492.
Goeckeler, Z. M., Masaracchia, R. A., Zeng, Q., Chew, T-L.,
Gallagher, P., and Wysolmerski, R. B. (2000). Phosphorylation of
myosin light chain kinase by p21-activated kinase PAK2. J. Biol.
Chem. 275, 18366–18374.
Hall, A., and Nobes, C. D. (2000). Rho GTPases: molecular
switches that control the organization and dynamics of the actin
cytoskeleton. Philos. Trans. R. Soc. Lond. B Biol. Sci. 355,
965–970.
Harris, R., Sabatelli, L. M., and Seeger, M. A. (1996). Guidance cues
at the Drosophila CNS midline: Identification and characteriza-
tion of two Drosophila Netrin/UNC-6 homologs. Neuron 17,
217–228.
Hoang, B., and Chiba, A. (1998). Genetic analysis on the role of
Integrin during axon guidance in Drosophila. J. Neurosci. 18,
7847–7855.
Hu, H., Marton, T. F., and Goodman, C. S. (2001). Plexin B mediates
axon guidance in Drosophila by simultaneously inhibiting Rac
and enhancing Rho signaling. Neuron 32, 39–51.
Jay, D. G. (2000). The clutch hypothesis revisited: ascribing the
roles of actin-associated proteins in filopodial protrusion in the
nerve growth cone. J. Neurobiol. 44, 114–125.
Jin, Z., and Strittmatter, S. M. (1997). Rac1 mediates collapsin-1-
induced growth cone collapse. J. Neurosci. 17, 6256–6263.
Karim, F. D., Chang, H. C., Therrien, M., Wassarman, D. A.,
Laverty, T., and Rubin, G. M. (1996). A screen for genes that
function downstream of Ras1 during Drosophila eye develop-
ment. Genetic 143, 315–329.
Kaufmann, N., Wills, Z. P., and Van Vactor, D. (1998). Drosophila
Rac1 controls motor axon guidance. Development 125, 453–461.
Kidd, T., Brose, K., Mitchell, K. J., Fetter, R. D., Tessier-Lavigne,
M., Goodman, C. S., and Tear, G. (1998). Roundabout controls
axon crossing of the CNS midline and defines a novel subfamily
of evolutionarily conserved guidance receptors. Cell 92, 205–215.
Kidd, T., Bland, K. S., and Goodman, C. S. (1999). Slit is the midline
repellent for the robo receptor in Drosophila. Cell 96, 785–794.
Kim, M. D., Kolodziej, P., and Chiba, A. (2002a). Growth cone
pathfinding and filopodial dynamics are mediated separately by
Cdc42 activation. J. Neurosci. 22, 1794–1806.
Kim, Y-S, Furman, S., Sink, H., and VanBerkum, M. F. A. (2001).
Calmodulin and profilin co-regulate axon outgrowth in Drosoph-
ila. J. Neurobiol. 47, 26–38.
Kim, Y-S., Fritz, J. L., Seneviratne, A. K., and VanBerkum, M. F. A.
(2002). Constitutively active myosin light chain kinase alters
axon guidance decisions in Drosophila embryos. Dev. Biol. 249,
367–381.
Kimura, K., Ito, M., Amano, M., Chihara, K., Fukata, Y., Nakafuku,
M., Yamamori, B., Feng, J., Nakano, T., Okawa, K., Iwamatsu, A.,
and Kaibuchi, K. (1996). Regulation of myosin phosphatase by Rho
and Rho-associated kinase (Rho-kinase). Science 273, 245–248.
Kimura, K., Kukata, Y., Matsuoka, Y., Bennet, V., Matsuura, Y.,
Okawa, K., Iwamatsu, A., and Kaibuchi, K. (1998). Regulation of
the association of Adductin with actin filaments by Rho-
associated Kinase (Rho Kinase). J. Biol. Chem. 273, 5542–5548.
Kjoller, L., and A. Hall. (1999). Signaling to Rho GTPases. Exp. Cell
Res. 253, 166–179.
Kolodziej, P. A., Timpe, L. C., Mitchell, K. J., Fried, S. R., Goodman,
C. S., Jan, L. Y., and Jan, Y. N. (1996). frazzled encodes a
Drosophila member of the DCC immunoglobulin subfamily and
is required for CNS and motor axon guidance. Cell 87, 197–204.
Kuhn, T. B., Meberg, P. J., Brown, M. D., Bernstein, B. W.,
Minamide, L. S., Jensen, J. R., Okada, K., Soda, E. A., and
Bamberg, J. R. (2000). Regulating actin dynamics in neuronal
growth cones by ADF/cofilin and the Rho family GTPases.
J. Neurobiol. 44, 126–144.
Kuroda, S., Fukata, M., Nakagawa, M., and Kaibuchi, K. (1999).
Cdc42, Rac1, and their effector IQGAP as molecular switches for
cadherin-mediated cell–cell adhesion. Biochem. Biophys. Res.
Commun. 262, 1–6.
Lee, T., Winter, C., Marticke, S. S., Lee, A., and Luo, L. (2000).
Essential roles of Drosophila RhoA in the regulation of neuro-
blast proliferation and dendritic but not axonal morphogenesis.
Neuron 25, 307–316.
Li, H. S., Chen, J. H., Wu, W., Fagaly, T., Zhou, L., Yuan, W.,
Dupuis, S., Jiang, Z. H., Nash, W., Gick, C., Ornitz, D. M., Wu,
J. Y., and Rao, Y. (1999). Vertebrate slit, a secreted ligand for the
transmembrane protein roundabout, is a repellent for olfactory
bulb axons. Cell 96, 807–818.
Li, X., Saint-Cry-Proulx, E., Aktories, K., and Lamarche-Vane, N.
(2002). Rac1 and Cdc42 but not RhoA or Rho kinase activities are
required for neurite outgrowth induced by the Netrin-1 receptor
57Rho GTPases Are Required for Midline Repulsion
© 2002 Elsevier Science (USA). All rights reserved.
DCC (deleted in colorectal cancer) in NIE-115 neuroblastoma
cells. J. Biol. Chem. 277, 15207–15214.
Lin, D. M., Fetter, R. D., Kopczynski, C., Grenningloh, G., and
Goodman, C. S. (1994). Genetic analysis of Fasciclin II in
Drosophila: Defasciculation, refasciculation, and altered fascicu-
lation. Neuron 13, 1055–1069.
Luo, L., Liao, Y. J., Jan, L. Y., and Jan, Y. N. (1994). Distinct
morphogenetic functions of similar small GTPases: Drosophila
Drac1 is involved in axonal outgrowth and myoblast fusion.
Genes Dev. 8, 1787–1802.
Luo, L. (2000). Rho GTPases in neuronal morphogenesis. Nat. Rev.
Neurosci. 1, 173–180.
Murray, M. J., and Whitington, P. M. (1999). Effects of roundabout
on growth cone dynamics, filopodial length, and growth cone
morphology at the midline and throughout the neuropile. J. Neu-
rosci. 19, 7901–7912.
Ng, J., Nardine, T., Harms, M., Tzu, J., Goldstein, A., Sun, Y.,
Dietzl, G., Dickson, B. J., and Luo, L. (2002). Rac GTPases control
axon growth, guidance, and branching. Nature 416, 442–447.
Nimnual, A. S., Yatsula, B. A., and Bar-Sagi, D. (1998). Coupling of
Ras and Rac guanosine triphosphatases through the Ras ex-
changer Sos. Science 279, 560–563.
Nobes, C. D., and Hall, A. (1995). Rho, Rac, and Cdc42 regulate the
assembly of multimolecular focal complexes associated with
actin stress fibers, lamellapodia, and filopodia. Cell 81, 53–62.
Nobes, C. D., and Hall, A. (1999). Rho GTPases control polarity,
protrusion, and adhesion during cell movement. J. Cell Biol. 144,
1235–1244.
Price, L. S., Leng, J., Schwartz, M. A., and Bokoch, G. M. (1998)
Activation of Rac and Cdc42 by integrins mediates cell spread-
ing. Mol. Biol. Cell 9, 1862–1871.
Rangarajan, R., Gong, Q., and Gaul, U. (1999). Migration and
function of glia in the developing Drosophila eye. Development
126, 3285–3292.
Ranscht, B. (2000). Cadherins: Molecular codes for axon guidance
and synapse formation. Int. J. Dev. Neurosci. 18, 643–651.
Sanders, L. C., Matsumura, F., Bokoch, G. M., and de Lanerolle, P.
(1999). Inhibition of myosin light chain kinase by p21-activated
kinase. Science 283, 2083–2085.
Sells, M. A., Boyd, J. T., and Chernoff, J. (1999). p21-activated
kinase 1 (Pak1) regulated cell motility in mammalian fibroblasts.
J. Cell Biol. 145, 837–849.
Shekarabi, M., and Kennedy, T. E. (2002). The nitrin-1 receptor
DCC promotes filopodia formation and spreading by activating
Cdc42 and Rac1. Mol. Cell. Neurosci. 19, 1–17.
Strutt, D. I., Weber, U., and Mlodzik, M. (1997). The role of
RhoA in tissue polarity and Frizzled signaling. Nature 387,
292–295.
Suter, D. M., and Forscher, P. (2000). Substrate-cytoskeletal cou-
pling as a mechanism for the regulation of growth cone motility
and guidance. J. Neurobiol. 44, 97–113.
Tapon, N., and Hall, A. (1997). Rho, Rac, and Cdc42 GTPases
regulate the organization of the actin cytoskeleton. Curr. Opin.
Cell Biol. 9, 86–92.
Tessier-Lavigne, M., and Goodman, C. S. (1996). The molecular
biology of axon guidance. Science 274, 1123–1133.
VanBerkum, M. F., and Goodman, C. S. (1995). Targeted disruption
of Ca(2)-Calmodulin signaling in Drosophila growth cones
leads to stalls in axon extension and errors in axon guidance.
Neuron 14, 43–56.
Wahl, S., Barth, H., Ciossek, T., Aktories, K., and Mueller, B. K.
(2000). Ephrin-A5 induces collapse of growth cones by activating
Rho and Rho kinase. J. Cell Biol. 149, 263–270.
Wong, K., Ren, X-R., Huang, Y-Z., Xie, Y., Liu, G., Saito, H., Tang,
H., Wen, L., Brady-Kalney, S. M., Mei, L., Wu, J. Y., Xiong, W-C.,
and Rao, Y. (2001). Signal transduction in neuronal migration:
Roles of GTPase activating proteins and the small GTPase Cdc42
in the Slit-Robo pathway. Cell 107, 209–221.
Yang, C., Huang, M., DeBiasio, J., Pring, M., Joyce, M., Miki, H.,
Takenawa, T., and Zigmond, S. H. (2000). Profilin enhances
Cdc42-induced nucleation of actin polymerization. J. Cell Biol.
150, 1001–1012.
Received for publication June 26, 2002
Revised September 2, 2002
Accepted September 4, 2002
Published online October 24, 2002
58 Fritz and VanBerkum
© 2002 Elsevier Science (USA). All rights reserved.
